[1] Variations in the Earth's surface energy balance are recorded in the ground as perturbations of the subsurface thermal regime. Here I apply singular value decomposition (SVD) inversion methods to 826 temperature-depth profiles distributed world wide, in order to reconstruct ground surface temperature histories (GSTH) and surface heat flux histories (SHFH) from the temperature and heat flux anomalies detected in the shallow subsurface. Inversions yielded a mean ground surface temperature and surface heat flux histories for the Earth's continents for the last 500 years. Results indicate that the global average ground temperature and ground heat flux have increased an average of 0.45°K and 18.0 mWm 2 respectively over the last 200 years, and 0.9°K in the last five centuries.
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Introduction
[2] There currently exist two widely cited millenniumscale northern-hemisphere paleoclimatic reconstructions models with good spatial coverage. Mann et al. [1999] reconstructed past temperature change for the last millennium from a large set of multiproxy data. In addition, geothermal data have been analyzed in order to model ground temperature changes [Huang et al., 2000] and the energy balance at the Earth's continental surface [Beltrami et al., 2002] for the last 500 to 1000 years. There are, however, some important differences arising from a preliminary qualitative comparison Beltrami and Taylor, 1995] of the multiproxy and geothermal paleoclimatic models [Briffa and Osborn, 2002; Esper et al., 2002] . In particular, there is a disagreement concerning the magnitude and/or existence of a cold period in the recent past, documented in the geothermal model, but not in the multiproxy model.
[3] In this note, I report on the results of the application of SVD inversions procedures to a global data set of 826 temperature-depth profiles in order to estimate the global energy balance at the Earth's surface for the last five centuries, and also to independently determine the ground surface temperature history for all continental areas for the same period of time. Determining the energy balance at the Earth's surface is important because of the potential incorporation of these results in land-surface models [Koster and Suarez, 1992; Sellers, 1992] .
[4] It is found that the GSTH for all continental areas is in good agreement with the analysis performed, for a subset of these data and using a completely different inversion procedure, by Huang et al. [2000] . It is also consistent with a mixed-method analysis of carried out for a subset of the northern-hemisphere data, by Harris and Chapman [2001] . The surface heat flux history obtained in the present work agrees with a previous estimate for the SHFH [Beltrami et al., 2002] , which used an analytical approximation. The SHFH presented here was obtained from direct inversion of the heat-flux anomalies underground and, although it has lower resolution, is more stable than that estimated by the analytical approximation in the presence of noise.
[5] I find that the global average ground temperature and ground heat flux have increased an average of 0.45°K and 18.0 mWm 2 respectively over the last 200 years. In addition, results indicate that in the last 50 years the continental surface has absorbed 7.1 Á 10 21 J. This quantity of energy is very similar to that absorbed by the whole atmosphere for the same time period (6.6 Á 10 21 ) J [Levitus et al., 2001] .
Analysis of the Global Data Set
[6] If the temperature at the Earth's surface changes, then heat will be gained or lost by the ground; these changes in the energy balance at the surface will propagate and be recorded underground as perturbations to the equilibrium thermal regime. The depths to which the temperature or heat perturbations penetrate depends on the thermal properties of the subsurface rocks. Typically, perturbations penetrate about 20 m in a year, 150 m in 100 years and about 500 m in a millennium [Lettau, 1951] , such that recent energy balance changes at the surface remain recorded in the shallow underground. Analysis of these underground anomalies provides the base of the borehole method of climatic reconstruction.
[7] The ground temperature and heat flux inversion procedures used here has been described in detail elsewhere Beltrami, 2001a Beltrami, , 2001b . Here I applied the inversions to the global data set [Huang et al., 2000] . This data set consists of several hundred temperature logs from across the world of which 826 were available for analysis when this work was carried out. Figure 1 shows the site distribution. The spatial distribution of the sites is uneven because, in most cases, data were acquired in mining exploration boreholes. Each temperature log was inverted individually for the quasi-steady state geothermal heat flux and for the SHFH. In the procedure used to determine the GSTH, in addition, the long-term surface temperature and the quasi-steady state equilibrium GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 23, 2111 , doi:10.1029 /2002GL015702, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL015702$05.00 heat flow are determined simultaneously by the inversion. This avoids potential biases which could arise from preprocessing of the temperature-depth anomaly profile when visually determining the depth range for the quasi-steady state heat flow. Figure 2 shows the resulting anomalies analyzed by the inversions. The model used for each individual inversion consists of a series of ten 50-year step changes in surface heat flux and or surface temperature. The eigenvalue cutoff was set at 0.1 for each SHFH inversion and at 0.3 for each GSTH inversion . From each temperature log, a flux anomaly profile was calculated using the average value of the thermal conductivity for 616 of these sites. For the rest of the data, the thermal properties were obtained from the University of Quebec data archive (J.C. Mareschal, personal communication).
[8] There are two approaches to reconstruct global SHFH and GSTH averages: Averaging all single borehole temperature log results, or simultaneous inversion [Beltrami et al., 1997] of the complete data set for a single model. Here, I follow Huang et al. [2000] approach (arithmetic average) to allow comparison. The treatment, description, comparison with proxy data reconstructions and detailed results from the simultaneous inversion procedure will be presented elsewhere (manuscript in preparation).
[9] It is worth noticing that in order to obtain average GSTH and SHFH for the Earth, it is necessary that all inversion for individual temperature versus depth profiles be carried out for the same eigenvalue cutoff if the geometry is the same, or at least, the number of retained eigenvalues should be the same. Failure to do so, implies that any estimate of an average GSTH or SHFH from individual solutions requires the processing of records representing different resolutions at a given time, thus the results would be erroneous. This requirement places further constraints on the maximum resolution achievable from inversion of the data. The resolution of a mean GSTH will be limited by the ''weakest link'', that is, the noisiest temperature versus depth profile included in the analysis. Noisy temperaturedepth profiles can removed, but only at the expense of good spatial representation. This situation could be solved in the future by specially dedicated homogeneous borehole drilling and data acquisition. [10] Because temperature logs were taken at different times, it is necessary to incorporate measurement time difference in the inversion. The analysis here includes temperature logs recorded up to 1999; to facilitate comparison I have assumed [Huang et al., 2000] that the latest trend continues until 2000. Individual SHFHs and GSTHs were averaged over the whole world. The average SHFH from inversion of 826 temperature logs is shown in Figure 3 . Figure 4 shows the global average GSTH retrieved as outlined above.
[11] The global GSTH and SHFH show a marked increase in the energy stored in the shallow subsurface since about 1800, consistent with the expectations due to increased levels of greenhouse gases since the onset of the industrial revolution [Houghton et al., 1990] . Average heat flux into the ground ( positive here) since 1765 is 18.0 and 27.5 mW m À2 for the last 100 years. Temperature increases for the same periods are 0.45 and 0.30°K for the same time periods respectively. The temperature increase in the last 500 years amount to 0.9°K, in good agreement with the independent analysis carried out by Huang et al. [2000] for a subset of these data.
[12] Spatial and temporal variations of the ground surface temperature are well documented Beltrami and Harris, 2001; Lewis, 1992] ; thus this global average surface heat flux and ground surface temperature histories should be considered with caution.
Discussion
[13] The inversion procedure for these GSTHs and SHFHs is similar and includes simultaneous inversion for surface temperature history or surface heat flux history and quasi steady-state geothermal heat flux. The GSTH model and the SHFH models are geometrically identical. The parameterization, however, needs to be different for the solution to this problem to be stable. Determination of model parameters requires dividing the data by the singular values such that errors are amplified by the very small singular values. In order to reduce the effect of noise on the stability of the results, it is necessary to eliminate the singular values smaller than an empirically determined cutoff value [Wiggins, 1972] . Nonetheless, the solutions obtained by retaining only a few singular values reproduce the gross features of the SHFHs and GSTHs [Menke, 1989] . The variance of the estimated model parameters (s m 2 ) can be written in terms of the eigenvectors V and singular value (l) as [Jackson, 1972] 
where m stands for model parameter and r is a dummy index and summation convention is assumed. Clearly, the largest contribution to the standard error in the estimated model parameters is that of the eigenvector in associated with the smallest retained singular value.
[14] Accordingly, it is not possible to retrieve a stable SHFH for the same eigenvalue cutoff as the one chosen for the GSTH inversion. Data measurement errors in the heat flux (q $ @T @z ) profile are larger than those for the temperature-depth profiles, and require a larger singular value cutoff to obtain a stable solution, and thus SHFH have also lower resolution than GSTH. Thus, any direct comparison between SHFH and GSTH should be done with caution. Evaluation of SHFHs from GSTHs using analytical approximations yield only good first order estimates [Beltrami et al., 2000 [Beltrami et al., , 2002 .
Conclusions
[15] For the surface heat flux inversion procedure to be stable the inversion presented here requires that the singular value cutoff be larger (i.e., thus including less eigenvectors in the solution) than for GSTH inversion. This translates in SHFHs with lower resolution than GSTHs, although the long trends in both cases are well determined.
[16] This analysis yielded an estimate of the global energy balance at the Earth's surface. Results indicate that the global average ground temperature and ground heat flux have increased over the last 500 years. Assuming an average thermal conductivity of 3.00 W/mK [Cermak and Rybach, 1982] , the total heat absorbed by the ground in the last 50 years is about 7.1 Á 10 21 J, of the same order of magnitude as the heat absorbed by each of, the whole atmosphere, continental glaciers [Levitus et al., 2001] , and in agreement with the preliminary estimate of 9.1 Á 10 21 J for the continental heat from an analytical approximation [Beltrami et al., 2002] , for the same time period. The 0.9°K warming of the ground in the last five centuries obtained in the present work is in agreement with the results obtained by Huang et al. [2000] and Harris and Chapman [2001] analyzing a subset of these data. (NSERC) and by the Canadian Foundation for Climate and Atmospheric Sciences (CFCAS). The author is grateful for this support.
